Introduction {#Sec1}
============

In the ATLAS detector \[[@CR1]\], electrons in the central detector region are triggered by and reconstructed from energy deposits in the electromagnetic (EM) calorimeter that are matched to a track in the inner detector (ID). Electrons are distinguished from other particles using identification criteria with different levels of background rejection and signal efficiency. The identification criteria rely on the shapes of EM showers in the calorimeter as well as on tracking quantities and the quality of the matching of the tracks to the clustered energy deposits in the calorimeter. They are based either on independent requirements or on a single requirement, the output of a likelihood function built from these quantities.

In this document, measurements of the efficiency to reconstruct and identify prompt electrons and their EM charge in the central region of the ATLAS detector[1](#Fn1){ref-type="fn"} with pseudorapidity $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.47$$\end{document}$ are presented for *pp* collision data produced by the Large Hadron Collider (LHC) in 2012 at a centre-of-mass energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$, and compared to the prediction from Monte Carlo (MC) simulation. The goal is to extract correction factors and their uncertainties for measurements of final states with prompt electrons in order to adjust the MC efficiencies to those measured in data. Electrons from semileptonic heavy-flavour decays are treated as background.

The efficiency measurements follow the methods introduced in Ref. \[[@CR2]\] for the 2011 ATLAS electron performance studies but are improved in several respects and adjusted for the 2012 data-taking conditions. The measurements are based on the tag-and-probe method using the $\documentclass[12pt]{minimal}
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                \begin{document}$$J/\psi $$\end{document}$ resonances, requiring the presence of an isolated identified electron as the *tag*. Additional selection criteria are applied to obtain a high purity sample of electron candidates that can be used as *probes* to measure the reconstruction or identification efficiency. The measurements span different but overlapping kinematic regions and are studied as a function of the electron's transverse momentum and pseudorapidity. The results are combined taking into account bin-to-bin correlations.

After briefly describing the ATLAS detector in Sect. [2](#Sec2){ref-type="sec"}, the algorithms to reconstruct and identify electrons are summarized in Sects. [3](#Sec3){ref-type="sec"} and [4](#Sec7){ref-type="sec"}. The general methodology of tag-and-probe efficiency measurements and the decomposition of the efficiency into its different components are reviewed in Sect. [5](#Sec11){ref-type="sec"}. The data and MC samples used in this work are summarized in Sect. [6](#Sec15){ref-type="sec"}. Sections [7](#Sec16){ref-type="sec"} and [8](#Sec26){ref-type="sec"} describe the identification efficiency measurements for signal electrons as well as backgrounds. In Sect. [9](#Sec29){ref-type="sec"}, the measurement of the electron charge misidentification rate is presented. Section [10](#Sec30){ref-type="sec"} details the reconstruction efficiency measurement, which extends the identification measurement methodology, and Sect. [11](#Sec35){ref-type="sec"} describes the final results of the combined identification and reconstruction efficiency measurements. Section [12](#Sec36){ref-type="sec"} concludes with a summary of the results.

The ATLAS detector {#Sec2}
==================

A complete description of the ATLAS detector is provided in Ref. \[[@CR1]\]. A brief description of the subdetectors that are relevant for the detection of electrons is given in this section.

The ID provides precise reconstruction of tracks within $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$. It consists of three layers of pixel detectors close to the beam-pipe, four layers of silicon microstrip detector modules with pairs of single-sided sensors glued back-to-back (SCT) providing eight hits per track at intermediate radii, and a transition radiation tracker (TRT) at the outer radii, providing on average 35 hits per track in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.0$$\end{document}$. The TRT offers substantial discriminating power between electrons and charged hadrons between energies of 0.5 and 100 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$, via the detection of X-rays produced by transition radiation. The innermost pixel layer in 2012 and earlier, also called the b-layer, is located outside the beam-pipe at a radius of 50 mm. Together with the other layers, it provides precise vertexing and significant rejection of photon conversions through the requirement that a track has a hit in this layer.

The ID is surrounded by a thin superconducting solenoid with a length of 5.3 m and diameter of 2.5 m. The solenoid provides a 2 T magnetic field for the measurement of the curvature of charged particles to determine their charge and momentum. The solenoid design attempts to minimize the amount of material by integrating it into a vacuum vessel shared with the LAr calorimeter. The magnet thus only contributes a total of 0.66 radiation lengths of material at normal incidence.

The main EM calorimeter is a lead/liquid-argon sampling calorimeter with accordion-shaped electrodes and lead absorber plates. It is divided into a barrel section (EMB) covering $\documentclass[12pt]{minimal}
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                \begin{document}$$1.375<|\eta |<3.2$$\end{document}$. For $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<2.5$$\end{document}$, it is divided into three layers longitudinal in shower depth (called strip, middle and back layers) and offers a fine segmentation in the lateral direction of the showers. At high energy, most of the EM shower energy is collected in the middle layer which has a lateral granularity of 0.025 $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ space. The first (strip) layer consists of strips with a finer granularity in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi ^0$$\end{document}$ discrimination and a precise estimation of the pseudorapidity of the impact point. The back layer collects the energy deposited in the tail of high-energy EM showers. A thin presampler detector, covering $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<1.8$$\end{document}$, is used to correct for fluctuations in upstream energy losses. The transition region between the EMB and EMEC calorimeters, $\documentclass[12pt]{minimal}
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                \begin{document}$$1.37<|\eta |<1.52$$\end{document}$, suffers from a large amount of material.

Hadronic calorimeters with at least three segments longitudinal in shower depth surround the EM calorimeter and are used in this context to reject hadronic jets. The forward calorimeters cover the range $\documentclass[12pt]{minimal}
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                \begin{document}$$3.1< |\eta | < 4.9$$\end{document}$ and also have EM shower identification capabilities given their fine lateral granularity and longitudinal segmentation into three layers.

Electron reconstruction {#Sec3}
=======================

Electron reconstruction in the central region of the ATLAS detector ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.47$$\end{document}$) starts from energy deposits (clusters) in the EM calorimeter which are then matched to reconstructed tracks of charged particles in the ID.

Electron seed-cluster reconstruction {#Sec4}
------------------------------------
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                \begin{document}$$\phi $$\end{document}$ space of the EM calorimeter system is divided into a grid of $\documentclass[12pt]{minimal}
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                \begin{document}$$N_\eta \times N_\phi = 200 \times 256$$\end{document}$ towers of size $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \eta ^\mathrm {tower} \times \Delta \phi ^\mathrm {tower} = 0.025 \times 0.025$$\end{document}$, corresponding to the granularity of the EM accordion calorimeter middle layer. The energy of the calorimeter cells in all shower-depth layers (the strip, middle and back EM accordion calorimeter layers and for $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<1.8$$\end{document}$ also the presampler detector) is summed to get the tower energy. The energy of a cell which spans several towers is distributed evenly among the towers without taking into account any geometrical weighting.

To reconstruct the EM clusters, seed clusters of towers with total cluster transverse energy above 2.5 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$ are searched for by a sliding-window algorithm \[[@CR3]\]. The window size is $\documentclass[12pt]{minimal}
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Cluster reconstruction is expected to be very efficient for true electrons. In MC samples passing the full ATLAS simulation chain, the efficiency is about 95% for electrons with a transverse energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$, placing a requirement only on the angular distance between the generated electron and the reconstructed electron cluster. The efficiency decreases with increasing pseudorapidity in the endcap region $\documentclass[12pt]{minimal}
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Electron-track candidate reconstruction {#Sec5}
---------------------------------------

Track reconstruction for electrons was improved for the 2012 data-taking period with respect to the one used for 2011 data-taking, especially for electrons which undergo significant energy loss due to bremsstrahlung in the detector, to achieve a high and uniform efficiency.

Table [1](#Tab1){ref-type="table"} shows the definition of shower-shape and track-quality variables, including $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm {Had}$$\end{document}$. For each seed EM cluster[2](#Fn2){ref-type="fn"} passing loose shower-shape requirements of $\documentclass[12pt]{minimal}
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Track reconstruction proceeds in two steps: pattern recognition and track fit. In 2012, in addition to the standard track-pattern recognition and track fit, an electron-specific pattern recognition and track fit were introduced in order to recover losses from bremsstrahlung and therefore improve the reconstruction of electrons. Either of these algorithms, the pattern recognition and the track fit, use a particle-specific hypothesis for the particle mass and respective probability for the particle to undergo bremsstrahlung, referred to in the following either as pion or electron hypothesis.

The standard pattern recognition \[[@CR4]\] uses the pion hypothesis for energy loss in the material of the detector. If a track[3](#Fn3){ref-type="fn"} seed (consisting of three hits in different layers of the silicon detectors) with a transverse momentum larger than 1 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$ cannot be successfully extended to a full track with at least seven hits using the pion hypothesis and it falls within one of the EM cluster ROIs, it is retried with the new pattern recognition using an electron hypothesis that allows for energy loss. This modified pattern recognition algorithm (based on a Kalman filter--smoother formalism \[[@CR5]\]) allows up to 30% energy loss at each material surface to account for bremsstrahlung. Below 1 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$, no refitting is performed. Thus, an electron-specific algorithm has been integrated into the standard track reconstruction; it improves the performance for electrons and has minimal interference with the main track reconstruction.

Track candidates are fitted using either the pion or the electron hypothesis (according to the hypothesis used in the pattern recognition) with the ATLAS Global $\documentclass[12pt]{minimal}
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Tracks are then considered as loosely matched to an EM cluster, if they pass either of the following two requirements:(i)Tracks with at least four silicon hits are extrapolated from their measured perigee to the middle layer of the EM accordion calorimeter. In the middle layer of the calorimeter, the extrapolated tracks have to be either within 0.2 in $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ of the EM cluster. TRT-only tracks, i.e. tracks with less than four silicon hits, are extrapolated from the last measurement point. They are retained at this early stage as they are used later in the reconstruction chain to reconstruct photon conversions. Clusters without any associated tracks with silicon hits are eventually considered as photons and are not used to reconstruct prompt-electron candidates. TRT-only tracks have to pass the same requirement for the difference in $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ coordinate is not measured precisely.(ii)The track extrapolated to the middle layer of the EM accordion calorimeter, after rescaling its momentum to the measured cluster energy, has to be either within 0.1 in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi $$\end{document}$ of the EM cluster on the side the track is bending towards or within 0.05 on the opposite side. Furthermore, non-TRT-only tracks must be within 0.05 in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ of the calorimeter cluster. As in (i), the track extrapolation is made from the last measurement point for TRT-only tracks and from the point of closest approach with respect to the primary collision vertex for tracks with silicon hits.Criterion (ii) aims to recover tracks of typically large curvature that have potentially suffered significant energy loss before reaching the calorimeter. Rescaling the momentum of the track to that of the reconstructed cluster allows retention of tracks whose measured momentum in the ID does not match the energy reconstructed in the calorimeter because they have undergone bremsstrahlung. The bremsstrahlung is assumed to have occurred in the ID or the cryostat and solenoid before the calorimeter (for tracks with silicon hits) or in the cryostat and solenoid before the calorimeter (for TRT-only tracks).

At this point, all electron-track candidates are defined. The track parameters of these candidates, for all but the TRT-only tracks, are precisely re-estimated using an optimized electron track fitter, the Gaussian Sum Filter (GSF) \[[@CR7]\] algorithm, which is a non-linear generalization of the Kalman filter \[[@CR5]\] algorithm. It yields a better estimate of the electron track parameters, especially those in the transverse plane, by accounting for non-linear bremsstrahlung effects. TRT-only tracks and the very rare tracks (about 0.01%) that fail the GSF fit keep the parameters from the Global $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ Track Fit. These tracks are then used to perform the final track-cluster matching to build electron candidates and also to provide information for particle identification.

Electron-candidate reconstruction {#Sec6}
---------------------------------

An electron is reconstructed if at least one track is matched to the seed cluster. The efficiency of this matching and subsequent track quality requirements is measured as the reconstruction efficiency in Sect. [10](#Sec30){ref-type="sec"}. The track-cluster matching proceeds as described for the previous step in Sect. [3.2](#Sec5){ref-type="sec"}, but with the GSF refitted tracks and tighter requirements: the separation in $\documentclass[12pt]{minimal}
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Although all tracks assigned to a cluster are kept for further analysis, the best-matched one is chosen as the primary track which is used to determine the kinematics and charge of the electron and to calculate the electron identification decision. Thus choosing the primary track is a crucial step in the electron reconstruction chain. To favour the primary electron track and to avoid random matches between nearby tracks in the case of cascades due to bremsstrahlung, tracks with at least one hit in the pixel detector are preferred. If more than one associated track has pixel hits, the following sorting criteria are considered. First, the distance between the track and the cluster is considered for any pair of tracks, which are referred to as *i* and *j* in the following. Then two angular distance variables are defined in the $\documentclass[12pt]{minimal}
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All seed clusters together with their matching tracks, if there is at least one of them, are treated as electron candidates. Each of these electron clusters is then rebuilt in all four layers sequentially, starting from the middle layer, using $\documentclass[12pt]{minimal}
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Up to this point, neither the electron clusters nor the cells inside the clusters are calibrated. The energy calibration \[[@CR8]\] is applied as the next step and was improved for 2012 data using multivariate analysis (MVA) techniques \[[@CR9]\] and an improved description of the detector \[[@CR10]\] by the GEANT4 \[[@CR11]\] simulation. The calibration procedure is outlined briefly below.

After applying the electronic readout calibration to the calorimeter cells with a global energy scale factor corresponding to the electron response, a number of data pre-corrections are applied for measured effects of the bunch train structure and imperfectly corrected response in specific regions. The presampler energy scales and the EM accordion calorimeter strip-to-middle-layer energy-scale ratios are also corrected \[[@CR8]\].

The cluster energy is then determined from the energy in the three layers of the EM accordion calorimeter by applying a correction factor determined by linear regression using an MVA trained on large samples of single-electron MC events produced with the full ATLAS simulation chain. The input quantities used for electrons and photons are the total energy measured in the accordion calorimeter, the ratio of the energy measured in the presampler to the energy measured in the accordion, the shower depth,[6](#Fn6){ref-type="fn"} the pseudorapidity of the cluster barycentre in the ATLAS coordinate system, and the $\documentclass[12pt]{minimal}
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In the last step, correction factors are derived in situ using a large sample of collected $\documentclass[12pt]{minimal}
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Electron identification {#Sec7}
=======================

Not all objects built by the electron reconstruction algorithms are prompt electrons which are considered signal objects in this publication. Background objects include hadronic jets as well as electrons from photon conversions, Dalitz decays and from semileptonic heavy-flavour hadron decays. In order to reject as much of these backgrounds as possible while keeping the efficiency for prompt electrons high, electron identification algorithms are based on discriminating variables, which are combined into a menu of selections with various background rejection powers. Sequential requirements and MVA techniques are employed.

Variables describing the longitudinal and lateral shapes of the EM showers in the calorimeters, the properties of the tracks in the ID, as well as the matching between tracks and energy clusters are used to discriminate against the different background sources. These variables \[[@CR2], [@CR12], [@CR13]\] are detailed in Table [1](#Tab1){ref-type="table"}. Table [2](#Tab2){ref-type="table"} summarizes which variables are used for the different selections of the so-called cut-based and likelihood (LH) \[[@CR14]\] identification menus.Table 1Definition of electron discriminating variablesTypeDescriptionNameHadronic leakageRatio of $\documentclass[12pt]{minimal}
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Cut-based identification {#Sec8}
------------------------

The cut-based selections, Loose, Medium, Tight and Multilepton, are optimized in 10 bins in $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm {T}}$$\end{document}$. This binning allows the identification to take into account the variation of the electrons' characteristics due to e.g. the dependence of the shower shapes on the amount of passive material traversed before entering the EM calorimeter. Shower shapes and track properties also change with the energy of the particle. The electrons selected with Tight are a subset of the electrons selected with Medium, which in turn are a subset of Loose electrons. With increasing tightness, more variables are added and requirements are tightened on the variables already used in the looser selections.

Due to its simplicity, the cut-based electron identification \[[@CR2], [@CR12], [@CR13]\], which is based on sequential requirements on selected variables, has been used by the ATLAS Collaboration for identifying electrons since the beginning of data-taking. In 2011, for $\documentclass[12pt]{minimal}
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Likelihood identification {#Sec9}
-------------------------

MVA techniques are powerful, since they allow the combined evaluation of several properties when making a selection decision. Out of the different MVA techniques, the LH was chosen for electron identification because of its simple construction.

The electron LH makes use of signal and background probability density functions (pdfs) of the discriminating variables. Based on these pdfs, which are treated as uncorrelated, an overall probability is calculated for the object to be signal or background. The signal and background probabilities for a given electron candidate are combined into a discriminant $\documentclass[12pt]{minimal}
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Signal and background pdfs used for the electron LH identification are obtained from data. As in the Multilepton cut-based selection, variables sensitive to bremsstrahlung effects are included.

Furthermore, additional variables with significant discriminating power but also a large overlap between signal and background that prevents explicit requirements (like $\documentclass[12pt]{minimal}
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The Loose LH, Medium LH, and Very Tight LH selections are designed to roughly match the electron efficiencies of the Multilepton, Medium and Tight cut-based selections, but to have better rejection of light-flavour jets and conversions.[8](#Fn8){ref-type="fn"}

Each LH selection places a requirement on a LH discriminant, made with a different set of variables. The Loose LH features variables most useful for discrimination against light-flavour jets (in addition, a requirement on $\documentclass[12pt]{minimal}
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The LH for each selection consists of 9 $\documentclass[12pt]{minimal}
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Electron isolation {#Sec10}
------------------

In order to further reject hadronic jets misidentified as electrons, most analyses require electrons to pass some isolation requirement in addition to the identification requirements described above. The two main isolation variables are:Calorimeter-based isolation:The calorimetric isolation variable $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_\mathrm {T}^{\mathrm {cone} \Delta R}$$\end{document}$ is defined as the sum of the transverse energy deposited in the calorimeter cells in a cone of size $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R $$\end{document}$ around the electron, excluding the contribution within $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \eta \times \Delta \phi = 0.125 \times 0.175$$\end{document}$ around the electron cluster barycentre. It is corrected for energy leakage from the electron shower into the isolation cone and for the effect of pile-up using a correction parameterized as a function of the number of reconstructed primary vertices.Track-based isolation:The track isolation variable $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R $$\end{document}$ around the electron, excluding the track of the electron itself. The tracks considered in the sum must originate from the primary vertex associated with the electron track and be of good quality; i.e. they must have at least nine silicon hits, one of which must be in the innermost pixel layer.

Both types of isolation are used in the tag-and-probe measurements, mainly in order to tighten the selection criteria of the tag. Whenever isolation is applied to the probe electron candidate in this work (this only happens in the $\documentclass[12pt]{minimal}
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                \begin{document}$$J/\psi $$\end{document}$ analysis described in Sect. [7.2](#Sec21){ref-type="sec"}), the criteria are chosen such that the effect on the measured identification efficiency is estimated to be small.

Efficiency measurement methodology {#Sec11}
==================================

The tag-and-probe method {#Sec12}
------------------------

Measuring the identification and reconstruction efficiency requires a clean and unbiased sample of electrons. The method of choice is the tag-and-probe method, which makes use of the characteristic signatures of $\documentclass[12pt]{minimal}
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                \begin{document}$$J/\psi \rightarrow ee$$\end{document}$ decays. In both cases, strict selection criteria are applied on one of the two decay electrons, called tag, and the second electron, the probe, is used for the efficiency measurements. Additional event selection criteria are applied to further reject background. Only events satisfying data-quality criteria, in particular concerning the ID and the calorimeters, are considered. Furthermore, at least one reconstructed primary vertex with at least three tracks must be present in the event. The tag-and-probe pairs must also pass requirements on their reconstructed invariant mass. In order to not bias the selected probe sample, each valid combination of electron pairs in the event is considered; an electron can be the tag in one pair and the probe in another.

The probe samples are contaminated by background objects (for example, hadrons misidentified as electrons, electrons from semileptonic heavy flavour decays or from photon conversions). This contamination is estimated using either background template shapes or combined fits of background and signal analytical models to the data. The number of electrons is independently estimated at the probe level and at the level where the probe electron candidate satisfies the tested criteria. The efficiency $\documentclass[12pt]{minimal}
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The efficiency to detect an electron is divided into different components, namely trigger, reconstruction and identification efficiencies, as well as the efficiency to satisfy additional analysis criteria, like isolation. The full efficiency $\documentclass[12pt]{minimal}
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### Data-to-MC correction factors {#Sec13}

The accuracy with which the MC detector simulation models the electron efficiency plays an important role in cross-section measurements and various searches for new physics. In order to achieve reliable results, the simulated MC samples need to be corrected to reproduce the measured data efficiencies as closely as possible. This is achieved by a multiplicative correction factor defined as the ratio of the efficiency measured in data to that in the simulation. These data-to-MC correction factors are usually close to unity. Deviations come from the mismodelling of tracking properties or shower shapes in the calorimeters.

Since the electron efficiencies depend on the transverse energy and pseudorapidity, the measurements are performed in two-dimensional bins in ($\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$). These bins follow the detector geometry and the binning used for optimization and are as narrow as the size of the respective data set allows. Residual effects, due to the finite bin widths and kinematic differences of the physics processes used in the measurements, are expected to cancel in the data-to-MC efficiency ratio. Therefore, the combination of the different efficiency measurements is carried out using the data-to-MC ratios instead of the efficiencies themselves. The procedure for the combination is described in Sect. [7.3](#Sec24){ref-type="sec"}.

Determination of central values and uncertainties {#Sec14}
-------------------------------------------------

For the evaluation of the results of the measurements and their uncertainties using a given final state ($\documentclass[12pt]{minimal}
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                \begin{document}$$J/\psi \rightarrow ee$$\end{document}$), the following approach was chosen. The details of the efficiency measurement methods are varied in order to estimate the impact of the analysis choices and potential imperfections in the background modelling. Examples of these variations are the selection of the tag electron or the background estimation method. For the measurement of the data-to-MC correction factors, the same variations of the selection are applied consistently in data and MC simulation. Uncertainties due to charge misidentification of the tag-and-probe pairs are neglected.

The final result (the central value) of a given efficiency measurement using one of the $\documentclass[12pt]{minimal}
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The systematic uncertainty is estimated to be equal to the root mean square (RMS) of the measurements with the intention of modelling a 68% confidence interval. However, in many bins the RMS does not cover at least 68% of all the variations, so an empirical factor of 1.2 is applied to the determined uncertainty in all bins.

The statistical uncertainty is taken to be the average of the statistical uncertainties over all investigated variations of the measurement. The statistical uncertainty in a single variation of the measurement is calculated following the approach in Ref. \[[@CR15]\].

Data and Monte Carlo samples {#Sec15}
============================

The results in this paper are based on 8 $\documentclass[12pt]{minimal}
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The measurements are compared to predictions from MC simulation. The $\documentclass[12pt]{minimal}
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                \begin{document}$$b\bar{b} \rightarrow J/\psi +X$$\end{document}$) production. The CTEQ6L1 LO PDF set is used, as well as the AU2CTEQ6L1 parameter set for the showering \[[@CR22]\]. All MC samples are processed through the full ATLAS detector simulation \[[@CR10]\] based on GEANT4 \[[@CR11]\].

The distribution of material in front of the presampler detector and the EM accordion calorimeter as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |$$\end{document}$ is shown in the left plot of Fig. [1](#Fig1){ref-type="fig"}. The contributions of the different detector elements up to the ID boundaries, including services and thermal enclosures, are detailed on the right. These material distributions are used as input to the MC simulation.
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The simulation also includes realistic modelling (tuned to the data) of the event pile-up from the same, previous, and subsequent bunch crossings. The energies of the electron candidates in simulation are smeared to match the resolution in data and the simulated MC events are weighted to reproduce the distributions of the primary-vertex *z*-position and the number of vertices in data, the latter being a good indicator of pile-up. Figure [2](#Fig2){ref-type="fig"} shows the distribution of the number of primary collision vertices in events with an identified electron and an electron cluster candidate (with 15 $\documentclass[12pt]{minimal}
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Identification efficiency measurement {#Sec16}
=====================================

The efficiencies of the identification criteria (Loose, Medium, Tight, Multilepton and Loose LH, Medium LH, Very Tight LH) are determined in data and in the simulated samples with respect to reconstructed electrons with associated tracks that have at least one hit in the pixel detector and at least seven total hits in the pixel and SCT detectors (this requirement is referred to as "track quality" below). The efficiencies are calculated as the ratio of the number of electrons passing a certain identification selection (numerator) to the number of electrons with a matching track satisfying the track quality requirements (denominator).

For the identification efficiencies determined in this paper, three different decays of resonances are used, and combined in the overlapping regions as described in Sect. [7.3](#Sec24){ref-type="sec"}: radiative decays of the *Z* boson, $\documentclass[12pt]{minimal}
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### Background estimation and variations for assessing the systematic uncertainties of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z_{\mathrm {mass}}$$\end{document}$ method {#Sec19}
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In order to form background templates, reconstructed electron candidates with an associated track, satisfying track quality criteria, are chosen as probes. In addition, identification and isolation requirements are inverted to minimize the contribution of signal electrons. A study was performed on data and simulated samples to test the shape biases of possible background templates due to the inversion of selection requirements and contamination from signal electrons, and the least-biased templates were chosen. The remaining signal electron contamination in the background templates is estimated using simulated events.

The normalization of the background template is determined by a sideband method: for the denominator (defined at the beginning of Sect. [7](#Sec16){ref-type="sec"}), the templates are normalized to the invariant-mass distribution above the $\documentclass[12pt]{minimal}
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Care is taken to remove the small contribution of signal electrons in the tails of the distribution of all probes before normalizing the background template to them. Tight probe electrons and Tight data efficiencies are used to perform this subtraction, except for the Tight efficiency extraction, for which the MC efficiency is used. For the numerator, the same templates are used as in the denominator, but they are normalized to the same-sign invariant-mass distribution (all numerator requirements are imposed on the probe). The normalization is done in the same ranges as in the denominator. The same-sign distribution is used as reference because it has less signal contamination than the opposite-sign distribution, an effect that is more important in the numerator. Figure [4](#Fig4){ref-type="fig"} shows the $\documentclass[12pt]{minimal}
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In order to assess systematic uncertainties, efficiency measurements based on the following variations of the analysis are considered. The mass window is changed from 15 to 10 and 20 $\documentclass[12pt]{minimal}
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### Background estimation and variations for assessing the systematic uncertainties of the $\documentclass[12pt]{minimal}
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In this approach, the calorimeter isolation distribution $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_\mathrm {T}^\mathrm {cone0.3}$$\end{document}$ of the probe electron candidates is used as the discriminating variable.

The background templates are formed as subsets of all probe electron candidates used in the denominator of the identification efficiency calculation. The probes for the background template are required to be reconstructed as electrons with a matching track that satisfies track quality criteria; however, they are required to fail some of the identification requirements, namely the requirements on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${ w}_\mathrm{stot}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$F_\text {HT}$$\end{document}$. A study was performed on possible background templates and the bias due to the inversion of selection requirements and contamination from signal electrons. The least-biased templates were chosen. As illustrated in Fig. [6](#Fig6){ref-type="fig"}, the background templates are normalized to the isolation distribution of the probe electron candidates using the background dominated tail region of the isolation distribution.
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### Event selection {#Sec22}
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Events with at least two electron candidates with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm {T}}>5$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {GeV}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<2.47$$\end{document}$ are considered.

The tag electron candidate must be matched to a tight trigger electron object within $\documentclass[12pt]{minimal}
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### Background estimation and variations for assessing the systematic uncertainties {#Sec23}

The invariant mass of the tag-and-probe pair is used to discriminate between signal electrons and background. The most important contribution to the background, even after requiring the tag-and-probe pair to have opposite-sign (OS) charges, comes from random combinations of two particles. This can be evaluated -- assuming charge symmetry -- using the mass spectrum of same-sign (SS) charge pairs. The remaining background is small and can be described using an analytical model. For this, the invariant-mass distribution of the two electron candidates is fitted with the sum of three contributions: $\documentclass[12pt]{minimal}
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Systematic uncertainties arise predominantly from the background estimation and the probe electron definition. They are estimated by varying the tag-and-probe selection (such as the isolation and the $\documentclass[12pt]{minimal}
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Combination {#Sec24}
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Results {#Sec25}
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The combined data efficiencies are derived by applying the combined data-to-MC efficiency ratios to the MC efficiency prediction from simulated $\documentclass[12pt]{minimal}
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The measured efficiencies for the various identification criteria are presented as functions of the electron $\documentclass[12pt]{minimal}
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With tighter requirements on more variables, the overall identification efficiency decreases, while the dependence on $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\text {had}$$\end{document}$. Overall, the 2012 update of the cut-based menu (see Sect. [4.1](#Sec8){ref-type="sec"}) has been successful: the efficiencies and rejections could be kept at values similar to those in 2011, while the remaining pile-up dependence is small (variation below 4% for 1 to 30 vertices). The improvement of the 2012 menu regarding the pile-up robustness of the requirements is demonstrated in Fig. [12](#Fig12){ref-type="fig"}, where the efficiencies for the cut-based Loose, Medium and Tight selections as a function of the number of reconstructed primary vertices are compared for 2011 and 2012.

The Loose LH is tuned to match the efficiencies of the cut-based Multilepton selection, while the (Medium LH) Very Tight LH is tuned to match those of the cut-based (Medium) Tight selection. The efficiency figures show that this tuning is successful in almost all bins. While the efficiencies match, the background rejection of the LH selections is better. The background efficiencies are reduced by a factor of about two when comparing the cut-based identification to the corresponding LH selections (see Sect. [8](#Sec26){ref-type="sec"}).
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The shape of the identification efficiency distributions as a function of $\documentclass[12pt]{minimal}
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Figures [13](#Fig13){ref-type="fig"} and [14](#Fig14){ref-type="fig"} show the identification efficiencies when integrated over $\documentclass[12pt]{minimal}
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As discussed in Ref. \[[@CR13]\], the difference between identification efficiencies in data and MC simulation can be traced back to differences in the distribution of the variables used in the identification, particularly the shower shape variables and the TRT high-threshold hit ratio $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$F_\text {HT}$$\end{document}$, the latter being defined only for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<2$$\end{document}$. The distributions of the lateral shower shapes are not well modelled by the GEANT4-based simulation of the detector: in comparison to predictions of the MC simulation, most shower shapes in data are wider and centred at values closer to the background distributions. These effects lead to higher efficiencies in MC simulation. $\documentclass[12pt]{minimal}
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Figures [13](#Fig13){ref-type="fig"} and [14](#Fig14){ref-type="fig"} show that the data has a more significant dependence on pile-up than predicted by simulation. For the cut-based Multilepton and Loose selections, the data-to-MC ratio is almost constant as a function of the number of primary vertices, while it decreases for the cut-based Medium and Tight selections as well as the LH selections by about 2% from 1 to 30 primary vertices. This effect is primarily caused by the mismodelling in MC simulation of the $\documentclass[12pt]{minimal}
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                \begin{document}$${ w}_\mathrm{stot}$$\end{document}$ variables, as well as additional energy deposits from pile-up particles, are not well modelled by the GEANT4 simulation of the calorimeter, leading to differences as a function of pile-up between data and MC simulation. The pile-up profile of the collision data analyses which use the results of these efficiency measurements is very close to the pile-up profile of the efficiency measurements presented here. The data-to-MC correction factors will therefore adjust the MC efficiencies in the collision data analyses for the residual pile-up dependence.

In general, the mismodelling of the distributions affects cut-based and LH selections differently. For cut-based selections, a mismodelling in MC simulation is reflected in the efficiency only if it occurs around the cut value. In the case of the LH, a mismodelling anywhere in the distribution can affect the efficiency. The harder the requirement on the discriminant of the LH, the larger the effect of the differences between data and MC distributions on the data-to-MC correction factors, as can be seen in Figs. [13](#Fig13){ref-type="fig"} and [14](#Fig14){ref-type="fig"}.Fig. 11Measured identification efficiency for the various cut-based and LH selections as a function of $\documentclass[12pt]{minimal}
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Identification efficiency for background processes {#Sec26}
==================================================

The three main categories of electron background (in descending order of abundance after electron reconstruction) are light-flavour hadrons, electrons from conversions and Dalitz decays (referred to as background electrons in the following), and non-isolated electrons from heavy-flavour decays. The background efficiencies of the different identification selections were studied using both MC simulation and data.

Background efficiency from Monte Carlo simulation {#Sec27}
-------------------------------------------------

The efficiencies of the different identification selections for backgrounds were studied using MC simulation of all relevant $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ decays are removed at particle level. Furthermore, the sample is required to pass a set of electron and photon triggers without identification criteria, to allow better comparison with data-driven measurements. The composition of the sample is categorized according to MC simulation information: non-isolated electrons from heavy-flavour decays, background electrons from photon conversions and Dalitz decays, and hadrons. The background efficiency for each category is also quoted. The efficiency is always quoted with respect to reconstructed electron candidates passing the track quality requirement. For completeness, the isolated electron efficiency for $\documentclass[12pt]{minimal}
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After applying the looser cut-based selections, the background generally consists of hadrons and background electrons in similar fractions, with a small contribution of electrons from heavy-flavour decays. As the cut-based selections get tighter, heavy-flavour decays begin to dominate the remaining background, followed by background electrons. In contrast, the Loose LH selection retains significantly less hadronic background than its cut-based counterpart; instead, non-isolated and background electrons dominate in this regime. After the Very Tight LH selection, hadrons are highly suppressed and the sample is dominated by non-isolated electrons. To suppress these further, in many analyses isolation and tighter impact parameter requirements are added to the electron identification selection.

To estimate absolute background efficiencies, it is necessary to determine the efficiency for background objects to pass the denominator requirement of the relative efficiencies listed in Table [3](#Tab3){ref-type="table"}. An unfiltered MC sample consisting of minimum-bias, single- and double-diffractive events is used. The numerator consists of reconstructed electron candidates passing the trigger and track quality requirements with transverse electron energy $\documentclass[12pt]{minimal}
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Background efficiency ratios measured from collision data {#Sec28}
---------------------------------------------------------

Studying the electron backgrounds in MC simulation can give an approximate estimate of the background efficiency. However, the description of the MC simulation has several limitations: misidentification efficiencies depend on the tails of the distributions of many discriminating variables, which are typically more susceptible to mismodelling than the core of the distribution. Furthermore, a small deviation in shape can lead to a large data-to-MC efficiency correction factor due to the low fraction of candidates in the tails. A data-driven estimate of the background efficiency is therefore essential. In this section, the ratio of background efficiencies from cut-based and LH menus is determined using data.

An inclusive background sample is selected by a set of electron and photon triggers with different $\documentclass[12pt]{minimal}
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The background sample is dominated by light-flavour hadrons, followed by photon conversions and a small fraction of heavy-flavour decays. The ratio of the background efficiency for a LH to that for the closest-efficiency cut-based selection is shown in Fig. [15](#Fig15){ref-type="fig"}. It can be seen that the LH selections let through only about 40--60% of the background compared to the cut-based selections, while it is shown in Sect. [7.4](#Sec25){ref-type="sec"} that they retain approximately the same signal electron efficiency. These results cannot be directly compared to those derived from MC simulation and given in Table [3](#Tab3){ref-type="table"}, as the composition of the samples might differ. Nonetheless, the data-driven and MC-based estimates show the same trend when comparing the background rejection of cut-based and LH selections.Fig. 15Ratio of background efficiencies for a LH to that of the closest-efficiency cut-based selections as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm {T}}$$\end{document}$ (*right*), as obtained using an inclusive background sample (see text). The uncertainties are statistical as well as systematic: a systematic uncertainty of 21% is assigned to the subtraction of signal events using the simulation; this uncertainty is dominated by the mismodelling of the missing transverse momentum

Determination of the charge misidentification probability {#Sec29}
=========================================================

Charge misidentification occurs if an isolated prompt electron is reconstructed with a wrong charge assignment. The misidentification is mostly caused by the emission of bremsstrahlung at a small angle with a subsequent conversion of the emitted photon and the mismatching of one of the conversion tracks to the cluster of the original electron. In addition, for high $\documentclass[12pt]{minimal}
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Various physics analyses such as measurements of same-sign *WW* scattering \[[@CR31]\] or *Z* polarization \[[@CR32]\] as well as searches for supersymmetry in final states with two same-sign leptons \[[@CR33]\] rely on correct charge assignment. Therefore the measurement of the charge misidentification rate and its description in MC simulation is crucial.
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The event selection described in Sect. [7.1.1](#Sec18){ref-type="sec"} is applied to select a sample of $\documentclass[12pt]{minimal}
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As in the other efficiency measurements, the backgrounds originate from hadronic jets as well as from photon conversions, Dalitz decays and semileptonic heavy-flavour hadron decays. The backgrounds for total and same-sign candidate events are estimated by extrapolating linearly the number of events from equally sized sidebands of the invariant-mass distributions above and below the *Z* mass peak to the signal region. As an estimate of the uncertainties, the measurement is performed by varying the invariant-mass window from 15 to 10 and 20 $\documentclass[12pt]{minimal}
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The charge misidentification rate is determined for three representative sets of requirements applied in analyses:**Medium** Medium identification requirements.**Tight + isolation** Tight identification requirements combined with selection criteria for the track isolation of $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \rightarrow ee$$\end{document}$ decays. The *lower panel* shows the data-to-MC charge misidentification probability ratios. The uncertainties are the total uncertainties from the sum in quadrature of statistical and systematic uncertainties. The *dashed lines* indicate the bins in which the efficiencies are calculated

Reconstruction efficiency measurement {#Sec30}
=====================================
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--------------------------------------------------------------------------

Electrons are reconstructed from EM clusters that are matched to tracks in the ID, as described in Sect. [3](#Sec3){ref-type="sec"}. The tracks are required to satisfy the track quality criteria, i.e. to have at least one hit in the pixel detector and in total at least seven hits in the pixel and SCT detectors. The measurement of the efficiency to detect an energy cluster in the EM calorimeter using the sliding-window algorithm is very challenging in data and not performed here. In MC simulation, it is found to be above 99% for $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$ as discussed in Sect. [3](#Sec3){ref-type="sec"}. EM clusters form the starting point of the reconstruction efficiency measurement.

The reconstruction efficiency is defined as the ratio of the number of electrons reconstructed as a cluster matched to a track satisfying the track quality criteria (numerator) to the number of clusters with or without a matching track (denominator). This reconstruction efficiency is measured using a tag-and-probe analysis which is very similar to the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z_{\mathrm {mass}}$$\end{document}$ method introduced in Sect. [7](#Sec16){ref-type="sec"}. In comparison to the measurement of the identification efficiency, the probe definition is relaxed to include all EM clusters. The background estimation is adapted to include the contribution of EM clusters with no associated track. The measurement is only performed for probe electron candidates with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm {T}}$$\end{document}$ \> 15 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {GeV}$$\end{document}$, as the background contamination of the sample becomes too high at lower $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm {T}}$$\end{document}$.

### Event selection {#Sec32}

The general event selection as well as the criteria for the tag electron are identical to the ones used in the $\documentclass[12pt]{minimal}
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Each event is required to have at least one tag electron candidate and one probe, which in this case is an EM cluster. In order to veto EM clusters from converted photons, no other cluster within $\documentclass[12pt]{minimal}
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                \begin{document}$$=$$\end{document}$ 0.4 of a reconstructed electron candidate is considered. No requirement on the charge of the tag and the probe electron candidates is applied, since there is no charge associated with EM clusters unless they are matched to a track.

### Background estimation and variations for assessing the systematic uncertainties {#Sec33}

The background estimation for the numerator of the reconstruction efficiency (electrons passing the reconstruction requirements) follows that of the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z_{\mathrm {mass}}$$\end{document}$ method described in Sect. [7.1.2](#Sec19){ref-type="sec"}. However, for the denominator (all reconstructed EM clusters) an additional contribution from photon candidates must be determined separately. The total background at the denominator level is the sum of two contributions: background to electrons reconstructed as a cluster with and without an associated track. The background estimation for these two contributions is explained below.Fig. 18Estimate of the background to the selected EM clusters with no associated track for 15 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {GeV}$$\end{document}$ \< $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm {T}}$$\end{document}$ \< 20 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {GeV}$$\end{document}$ and 1.52 \< $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ \< 2.01. A polynomial fit (shown by a *dashed dark grey line*) is carried out in the sideband region (indicated by *dashed light grey boxes*) of the invariant-mass distribution of data events from which genuine electrons have been subtracted using MC simulation (the data are shown by *filled squares* before the subtraction of the prediction of the MC simulation and by *open circles* afterwards). In the signal region, defined as the events with an invariant mass of 80 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$, the fit result is used to obtain a data-driven estimate, which is compared to the data minus the prediction of the MC simulation. Only statistical uncertainties are shown for the data minus the MC prediction; the systematic uncertainty in the scaling of the MC simulation and description of the MC simulation of the inefficiency to match an electron with a track is 10--20%

**Background estimate for electrons reconstructed as clusters with no associated track** Electrons reconstructed as EM clusters but not matched to any track are interpreted as photons. In order to estimate the photon background, which, unlike the signal electrons, has a smoothly falling invariant-mass shape, a third-order polynomial is fitted to the invariant-mass distribution of the selected electron--photon pairs (corresponding to the tag and the probe electron candidates). The fit is carried out using the two sideband regions above and below the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ mass peak, as illustrated in Fig. [18](#Fig18){ref-type="fig"}. Residual signal electron contamination in the background-dominated sideband regions is subtracted using MC simulation before the fit. Systematic uncertainties in the scaling of the MC simulation and description of the MC simulation of the inefficiency to match an electron with a track are 10--20% and are not shown in Fig. [18](#Fig18){ref-type="fig"}. These uncertainties explain the small difference in the signal region between the data minus the MC prediction and the polynomial fit to the sidebands. The prediction of the MC simulation enters only in the subtraction of the very small residual signal in the sideband regions used to perform the polynomial fit. The resulting uncertainty in the measured reconstruction efficiency is negligible.

**Background estimate for electrons reconstructed as clusters with an associated track** The method to estimate the background to EM clusters with an associated track is almost the same as for the identification efficiency measurement, described in Sect. [7.1.2](#Sec19){ref-type="sec"}: A background template is selected in data by inverting identification selection criteria for the probes and normalized to the data in a control region of the invariant-mass distribution of the tag-and-probe pair.

The backgrounds in the signal region are determined separately for clusters with tracks satisfying or not satisfying the track quality selection criteria. Therefore, the track quality selection criteria must be satisfied (not satisfied) in the background template selection for the invariant-mass distribution of EM clusters passing (failing) the electron reconstruction procedure.

Figure [19](#Fig19){ref-type="fig"} shows the invariant-mass distributions of the tag-and-probe pairs for probe EM clusters (composed of clusters with or without a track match at the probe level) for two selected bins both at the probe level and before and after applying the reconstruction criteria to the probe electron candidate. The estimates of the two background components are also depicted. As demonstrated by the figure, the measured data agree well with the prediction, and the background subtraction procedure performs well.Fig. 19Invariant-mass distributions of the tag-and-probe pairs for probe EM clusters with 1.52 \< $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$ (*right*), before (*top*) and after (*bottom*) applying the reconstruction criteria. The data (*black dots with error bars*) at the *all probes* level is composed of two components: clusters with no matching track (*dark grey histogram with error bars*) and clusters with a matching track. The background is evaluated separately for these two components. A third-order polynomial (*grey dashed line* spanning the region from 70 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$) depicts the estimated photon background from a fit performed in the sideband regions as explained in Sect. [10.1.2](#Sec33){ref-type="sec"} and shown in Fig. [18](#Fig18){ref-type="fig"}. A background template normalized in this case to the high-mass tail (*magenta markers*) is used to estimate the background with a matching track. This background template is obtained by requiring some of the identification criteria not to be satisfied. Additionally, probes must pass or fail the track quality selection requirements depending on whether the background to the electrons passing or failing the reconstruction requirements is determined (see Sect. [10.1.2](#Sec33){ref-type="sec"}). The shown magenta distribution is the sum of both components. For illustration only, the signal prediction of the MC simulation (*blue dashed line*) is also displayed. The sum of the normalized background template and the signal prediction of the MC simulation (*red line*, shown for comparison but not used in the measurement) agrees well with the data points

The systematic uncertainty is estimated as for the identification efficiency. In addition to the variations listed in Sect. [7.1.2](#Sec19){ref-type="sec"}, the sidebands for the polynomial fit used for the estimation of the background to electrons without an associated track are varied among these choices: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[70,80\, \text {GeV}]$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[100,110\, \text {GeV}]$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[60,80\, \text {GeV}]$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[100,120\, \text {GeV}]$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[50,80 \,\text {GeV}]$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[100,130\, \text {GeV}]$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[55,70\, \text {GeV}]$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[110,125\, \text {GeV}]$$\end{document}$.

Results {#Sec34}
-------

The reconstruction efficiency, like the identification efficiency, is measured differentially in ($\documentclass[12pt]{minimal}
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As described in Sect. [3](#Sec3){ref-type="sec"}, for the 2012 data, a new track reconstruction algorithm has been introduced in order to improve the reconstruction of electrons that have undergone significant bremsstrahlung. Figure [20](#Fig20){ref-type="fig"} also compares the reconstruction efficiencies measured in the 2011 and 2012 data. The new track fitting algorithm improves the overall electron reconstruction efficiency by $\documentclass[12pt]{minimal}
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The gain in efficiency from the new track reconstruction algorithm flattens the distribution of the reconstruction efficiency in $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$. For the 2011 data, a large drop in efficiency was observed for the endcap regions, where more bremsstrahlung occurs due to a higher amount of material. For the 2012 data, this drop has become much smaller. Furthermore, the 2012 results are more precise than the final 2011 results, partly because of the increase in the size of the available data sample, but also due to improvements in the background subtraction method.

The efficiencies are also measured as a function of the number of primary vertices in order to investigate the dependence of the electron reconstruction on pile-up. Figure [21](#Fig21){ref-type="fig"} shows that for data, the reconstruction efficiency for electrons with $\documentclass[12pt]{minimal}
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Combined reconstruction and identification efficiencies {#Sec35}
=======================================================

Figure [22](#Fig22){ref-type="fig"} shows the combined efficiencies to reconstruct and identify electrons with respect to reconstructed energy clusters in the EM calorimeter for all identification selections. The efficiencies are shown as a function of $\documentclass[12pt]{minimal}
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The combined efficiency to reconstruct and identify an electron from $\documentclass[12pt]{minimal}
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Summary {#Sec36}
=======

Using the full 2012 data set, 20.3 $\documentclass[12pt]{minimal}
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In 2012, a new track reconstruction algorithm and improved track-cluster matching were introduced to recover efficiency losses due to electrons undergoing bremsstrahlung. As a result, the overall electron reconstruction efficiency is increased by roughly 5% with respect to the 2011 efficiency. Averaged over $\documentclass[12pt]{minimal}
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The uncertainty on the reconstruction efficiency is below 0.5% for $\documentclass[12pt]{minimal}
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The electron identification was improved by loosening the selection criteria for the shower shapes in the EM calorimeter that are most affected by the increased instantaneous luminosities provided by the LHC in 2012. To compensate for the loss in rejection power, new selection criteria were introduced and requirements on variables less sensitive to pile-up were tightened. Additionally, new identification selections were developed: the cut-based Multilepton selection, optimized for low-energy electrons, as well as an identification based on the likelihood (LH) approach. Using the LH identification selections, the background rejection is significantly improved while maintaining the same signal efficiency as that of the cut-based selections. The identification efficiency has a strong dependence on $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$. The measured pile-up dependence is below 4% for 1--30 reconstructed primary collision vertices per bunch crossing for all sets of selection criteria. Some differences between the behaviour in data and MC simulation are observed, but understood. The total uncertainties in the identification efficiency measurements are 5--6% (1--2%) for electrons below (above) $\documentclass[12pt]{minimal}
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Charge misidentification of electrons in the probed $\documentclass[12pt]{minimal}
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The measured data-to-MC efficiency ratios are applied as correction factors in analyses, such as the measurement of the properties of the Higgs boson, and their uncertainties are propagated accordingly. The scale factors are close to unity with deviations larger than a couple of percent from unity occurring only for low-$\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal *pp* interaction point at the centre of the detector. The positive *x*-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive *y*-axis pointing upwards, while the beam direction defines the *z*-axis. The azimuthal angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta $$\end{document}$ is the angle from the *z*-axis. The pseudorapidity is defined as $\documentclass[12pt]{minimal}
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As in the 2011 electron reconstruction algorithm, clusters must satisfy loose requirements on the maximum fraction of energy deposited in the different layers of the EM calorimeter system: 0.9, 0.8, 0.98, 0.8 for the presampler detector, the strip, the middle and the back EM accordion calorimeter layers, respectively.

The transverse momentum threshold for tracks reconstructed with the pion hypothesis is 400 $\documentclass[12pt]{minimal}
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Throughout the paper, when counting hits in the pixel and SCT detectors, non-operational modules that are traversed by the track are counted as hits.

Unconverted (converted) photon clusters, which are used in the reconstruction efficiency measurement in Sect. [10](#Sec30){ref-type="sec"}, are built using $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3 \times 5$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3 \times 7$$\end{document}$) cells in the barrel and $\documentclass[12pt]{minimal}
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                \begin{document}$$5 \times 5$$\end{document}$) cells in the endcap.
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                \begin{document}$$E_i$$\end{document}$ is the cluster energy in layer *i* and $\documentclass[12pt]{minimal}
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                \begin{document}$$X_i$$\end{document}$ is the approximate calorimeter thickness (in radiation lengths) from the interaction point to the middle of layer *i*, including the presampler detector layer where present.

Here an "event" refers to a triggered bunch crossing with all its hard and soft *pp* interactions, as recorded by the detector.

Another selection, Tight LH, was originally also developed with the background rejection matching the background rejection of the Tight cut-based selection, but it was never used. Therefore, for the LHC Run 2, Very Tight LH was renamed to Tight LH.

The electron identification selection in the trigger is looser than or equivalent to the corresponding analysis requirements.

The tight electron identification selection applied in the $\documentclass[12pt]{minimal}
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                \begin{document}$$J/\psi $$\end{document}$ trigger is looser than the corresponding analysis requirements. In particular, no selection is applied to $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi $$\end{document}$, *E* / *p* and isConv.
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                \begin{document}$$E_{\mathrm {T}}^{\mathrm {miss}}$$\end{document}$ is the magnitude of the negative vectorial sum of the transverse momenta from calibrated objects, such as identified electrons, muons, photons, hadronic decays of tau leptons, and jets. Clusters of calorimeter cells not associated with any object are also included.
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